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Abstract 



In this article, we re-study the heavy baryon states fib, 5^, "E! c , and S c 
with the QCD sum rules, after subtracting the contributions from the corresponding 
negative parity heavy baryon states, the predicted masses are in good agreement with 
the experimental data. 
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The charm and bottom baryons which contain a heavy quark and two light quarks are 
particularly interesting for studying dynamics of the light quarks in the presence of a 
heavy quark, and serve as an excellent ground for testing predictions of the constituent 
quark models and heavy quark symmetry. The | antitriplet states (A+, and 
the ^ + and | + sextet states (S1 C ,E C ,E' C ) and (fl*,E*,H*) have been established; while the 
■ corresponding bottom baryons are far from complete, only the £&, E£, and Q.^ have 

been observed [T]. 

CN ' The QCD sum rules is a powerful theoretical tool in studying the ground state heavy 

baryons [21 [3]. The masses of the Aq, Eq, Eq, Eq, Qq, Eq, Eq and have been 
calculated with the full QCD sum rules [H [3 El O [TO1 HH [E]. The masses of the Eg, 
Eq and Aq have been calculated with the QCD sum rules in the leading order of the 
heavy quark effective theory [131 O IS], and later the I/tuq corrections were studied 
[161 \T7\ fl8] . Furthermore, the masses of the orbitally excited heavy baryons with the 
leading order approximation [191 [20] , and the 1 / tbq corrections [21] in the heavy quark 
effective theory have also been analyzed. Recently the ^ an d § bottom baryon states 
were studied with the QCD sum rules in the heavy quark effective theory including the 
1/tbq corrections |22j . 

In 2008, the DO collaboration reported the first observation of the doubly strange 
baryon £17 in the decay channel £17 — > J/ip£l~ (with J/ip — > and £1" —> AK~ — > 

pir~K~) in pp collisions at ^/s = 1.96 TeV [23]. The experimental value M n - = 6.165 ± 

b 

0.010 ± 0.013 GeV is about 0.1 GeV larger than the most theoretical calculations [24, 
EH ESI EH ESI [291 [30l EH E21 [32]. However, the CDF collaboration did not confirm the 
measured mass [33], i.e. they observed the mass of the £17 is about 6.0544 ± 0.0068 ± 
0.0009 GeV, which is consistent with the most theoretical calculations. On the other 
hand, the theoretical prediction M n o « 2.7 GeV [111 E3 EQ E3 [Ml ES EQl [SI E21 [Ml El] 
is consistent with the experimental data Mqo = (2.6975 ± 0.0026) GeV pQ. 
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In Ref . [35] . Jido et al introduce a novel approach based on the QCD sum rules to 
separate the contributions of the negative-parity light flavor baryons from the positive- 
parity light flavor baryons, as the interpolating currents may have non-vanishing couplings 
to both the negative- and positive-parity baryons [36]. In Ref. [15], Bagan et al take the 
infinite mass limit for the heavy quarks to separate the contributions of the positive and 
negative parity heavy baryon states to the correlation functions unambiguously before the 
work of Jido et al. In this article, we re-study the masses and pole residues of the ^ + 
heavy baryon states Qq, Hg and Sq by subtracting the contributions from the negative 

parity baryon states. In Refs.O HH [T2], we study the i + heavy baryons Qq, Eg and 
Sq and | heavy baryons fig, Hg and Eg with the QCD sum rules in full QCD, and 
observe that the pole residues of the | heavy baryons from the sum rules with different 
tensor structures are consistent with each other, while the pole residues of the \ + heavy 
baryons from the sum rules with different tensor structures differ from each other greatly. 
Those pole residues are important parameters in studying the radiative decays f2g — > Qq7, 
Sg — > H'g7 and Eg — > £q7 [T21 [37], we should refine those parameters to improve the 
predictive ability. 

The article is arranged as follows: we derive the QCD sum rules for the masses and 
the pole residues of the heavy baryon states f2g, Hg and Eq in section 2; in section 3 
numerical results are given and discussed, and section 4 is reserved for conclusion. 

2 QCD sum rules for the Qq, Sq and Sq 

The ^ + heavy baryons Qq, E'q and Eq can be interpolated by the following currents 
Jq(x), Je(x) and Js(x) respectively, 



where the Q represents the heavy quarks c and b, the i, j and k are color indexes, and 
the C is the charge conjunction matrix. In this article, we take the simple Ioffe type 
interpolating currents, which are constructed by considering the diquark theory and the 
heavy quark symmetry |38j [39] . 

The corresponding negative-parity heavy baryon states can be interpolated by the 
currents J_ = £75 J+ because multiplying 275 to J + changes the parity of J+ [35] . where 
the J_|_ denotes the currents Jn(x), and Je(x). The correlation functions are defined 



Ja{x) 
Jz(x) 

Mx) 



e^ k sf(x)C^ Sj (x) 75 rQk(x), 
e^ k qf(x)C^ Sj (xh 5 ^Q k (x), 
e^uJ^C^djixh^Qkix), 



(1) 



by 





and can be decomposed as 



U ± (p)=^U 1 (p 2 )±U (p 2 ), 



(3) 



due to Lorentz covariance, because 



n-(p) 



75n + (»75 . 



(4) 
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The currents J+ couple to both the positive- and negative-parity baryons [36] . 
(0| J+\B-){B-\ J+\0) = - 75 <0| J-\B-)(B-\ J_|0) 75 , 



(5) 



where the B~ denote the negative parity baryon states. 

We insert a complete set of intermediate baryon states with the same quantum numbers 
as the current operators J+(x) and J-(x) into the correlation functions H+(p) to obtain 
the hadronic representation [2J[3J. After isolating the pole terms of the lowest states, we 
obtain the following result |35j : 



n+(p) 



Ml 



Ml -p 1 



+ 



(6) 



where the M± are the masses of the lowest states with parity ± respectively, and the \± 
are the corresponding pole residues (or couplings). If we take p = 0, then 



limitf 



ImII + (po + ie) 



7T 



\2 7o + l« 



M+) + A 2 ^ 



1 



5( Po -M_) + 



7oA( Po ) + B(p ) + 



(7) 



where 



A(po) 
B(po) 



[X 2 + 8( Po - M+) + X 2 _5( P0 - M_)] , 
[A^( Po - Af+) - A 2 _<5(p - M_)] , (8) 
B(pq)) contains contributions from the positive 



the contribution A(po) + B(po) (A(po) 
parity (negative parity) states only. 

We carry out the operator product expansion at large Q 2 (= —Po) regiorH, then use the 
dispersion relation to obtain the spectral densities p (po) and p B (po) (which correspond 
to the tensor structures 70 and 1 respectively) at the level of quark-gluon degrees of 

freedom, finally we introduce the weight functions exp 
the following sum rules, 



pgexp 



and obtain 



dp [A(po) + B(p )] exp 



T 2 



dpo [p A (Po) + P B {Po)] exp 



Po 
T 2 



(9) 



dp [A(p ) + B(p )] pi exp 



j>2 



dpo [p A (po) + P B {po)] Po ex P 



Pi 1 

j>2 



(10) 



where the sq are the threshold parameters, T 2 is the Borel parameter, A = uiq + 2m s , 
A = rn-Q + m s and A = mg in the channels fig, Hg and Sg respectively, the explicit 



2 We calculate the light quark parts of the correlation functions 11+ (p) in the coordinate space and use 
the momentum space expression for the heavy quark propagators, then resort to the Fourier integral to 
transform the light quark parts into the momentum space in D dimensions, and take p = 0. For technical 
details, one can consult our previous works [6l lllj. 
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expressions of the spectral densities p (po) and p B {po) in the channels Oq, Hg and £q are 
presented in the appendix. In calculation, we take assumption of vacuum saturation for the 
high dimension vacuum condensates, they are always factorized to lower condensates with 
vacuum saturation in the QCD sum rules, and factorization works well in large N c limit. 
In this article, we take into account the contributions from the quark condensates, mixed 
condensates, gluon condensate, and neglect the contributions from other high dimension 
condensates, which are suppressed by large denominators and would not play significant 
roles. 



3 Numerical results and discussions 



The input parameters are taken to be the standard values (qq) = —(0.24 ± 0.01 GeV)" 



(ss 

m 



(0.8 ± 0.2) {qq), (qg s crGq) = m${qq), (sg s aGs) = m^(ss) 



{^GG) = (0.012 ± 0.004) GeV 4 @T 



(0.8 ± 0.2) GeV ' 



m s = (0.14 ± 0.01) GeV, 
lGeV. 



'1.35 ± 



0.10) GeV and m b = (4.7 ± 0.1) GeV PQ at the energy scale p 

Those vacuum condensates can be calculated with lattice QCD and instanton models, 
or determined by fitting certain QCD sum rules to the experimental data; the values 
are consistent with each other (except for the gluon condensate ( ""j? )) considering the 
uncertainties. The value of the gluon condensate ( a *j? ) has been updated from time to 
time, and changes greatly (for a comprehensive review, one can consult the book "QCD 
as a theory of hadrons from partons to confinement" by S.Narison [42]). At the present 
case, the gluon condensate makes tiny contribution, the updated value ) = (0.023 ± 



(0.012 ± 0.004) GeV 4 @T] lead to a 



0.003) GeV 4 02] and the standard value ( 9 ^) 
difference less than 2 MeV for the masses. 

The Q-quark masses appearing in the perturbative terms (see the appendix) are usu- 
ally taken to be the pole masses in the QCD sum rules, while the choice of the tuq in 
the leading-order coefficients of the higher-dimensional terms is arbitrary [421 143] . For 
example, the MS mass m c (m 2 ) relates with the pole mass m through the relation 



m c (m 2 ) = m 



1 + 



Cpa s {m 



7T 



+ (A--2fV)('^) a + 



(11) 



where K depends on the flavor number rif. In this article, we take the approximation 
m c ~ m without the a s corrections for consistency. The value listed in the Particle Data 
Group is m c (rn 2 c ) = 1.271q 11 GeV [lj, it is reasonable to take the value m c = m c (1 GeV 2 ) = 
(1.35±0.10) GeV in our works. The mass of the b quark mj, can be understood analogously. 

In calculation, we also neglect the contributions from the perturbative corrections 
0{a™). Those perturbative corrections can be taken into account in the leading logarithmic 
approximations through anomalous dimension factors. After the Borel transform, the 
effects of those corrections are to multiply each term on the operator product expansion 
side by the factor, 



a s (T 2 
a s (p 2 



2rj-r Gn 



(12) 



where the Tj is the anomalous dimension of the interpolating current J(x), the To n is the 
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T 2 (GeV 2 ) 


V^(GeV) 


pole 


perturbative 




5.2 - 6.2 


6.8 


(45 - 60)% 


(83 - 88)% 




4.9 - 5.9 


6.7 


(45 - 61)% 


(77 - 84)% 


s b 


4.6 - 5.6 


6.6 


(45 - 63)% 


(70 - 81)% 




2.2 - 3.2 


3.4 


(46 - 75)% 


(75 - 86)% 


"i 

l— 'c 


2.0 - 3.0 


3.3 


(47 - 78)% 


(67 - 83)% 


s c 


1.8 - 2.8 


3.2 


(47 - 82)% 


(57 - 79)% 



Table 1: The Borel parameters T 2 and threshold parameters so for the heavy baryon 
states, the "pole" stands for the contribution from the pole term, and the "perturbative" 
stands for the contribution from the perturbative term in the operator product expansion. 

anomalous dimension of the local operator O n (0) in the operator product expansion, 

= C n (x)O n (0), (13) 



{j( 3 



here the C n (x) is the corresponding Wilson coefficient. 

We carry out the operator product expansion at a special energy scale = 1 GeV 2 , 



and set the factor 



scale dependence and weaken the prediction ability. In this article, we study the J p - 1 



1, such an approximation maybe result in some 

i + 

2 

sextet heavy baryon states (fi c ,£ c , H' c ) and (S1&, X;,, E' fe ) systemically, and can reproduce 
the masses of the well established baryon states, the predictions are still robust as we take 
the analogous criteria in those sum rules. 

In the conventional QCD sum rules [2j [3], there are two criteria (pole dominance 
and convergence of the operator product expansion) for choosing the Borel parameter 
T 2 and threshold parameter sq. We impose the two criteria on the heavy baryon states 
to choose the Borel parameter T 2 and threshold parameter sq, the values are shown in 
Table 1. From Table 1, we can see that the contribution from the perturbative term is 
dominant, the operator product expansion is convergent certainly. In this article, we take 
the contribution from the pole term is larger than 45%, the uncertainty of the threshold 
parameter is 0.1 GeV, and the Borel window is 1 GeV 2 . 

Taking into account all uncertainties of the parameters, we obtain the values of the 
masses and pole residues of the heavy baryon states, which are shown in Figs. 1-2 and 
Table 2. 

From Table 2, we can see that the present predictions for the masses of the heavy 
baryons are consistent with the experimental data, the energy gap among the central 
values of the present predictions is about Mq 6 — M=/ ~ Mwi — Mj] b ~ Mq c — Mwi ~ 
M S ' C - M Sc 7H 0.15 GeV, which is excellent. The central value Mu b = 6.11 GeV lies 
between the experimental data 6.165 GeV from the DO collaboration [23J and 6.0544 GeV 
from the CDF collaboration [33]. More experimental data is still needed to confirm the 
present predictions. 

In Fig. 3, we plot the predicted masses with variation of the threshold parameters sq. 
From the figure, we can see that the predicted masses increase almost linearly with the 
threshold parameters sq for sq < 10 GeV 2 in the charm channels and sq < 45 GeV 2 in 
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T 2 (GeV 2 ) 


V^(GeV) 


M(GeV) 


A(GeV a ) 


M(GeV)[exp] 


n b 


5.2 - 6.2 


6.8 ±0.1 


6.11 ±0.16 


0.134 ±0.030 


6.165[23|/6.0544[33J 




4.9-5.9 


6.7 ±0.1 


5.96 ±0.17 


0.079 ± 0.020 


? 




4.6-5.6 


6.6 ±0.1 


5.80 ±0.19 


0.062 ±0.018 


5.8078(£+)/5.8152(X^) PQ 


n c 


2.2 - 3.2 


3.4 ±0.1 


2.70 ±0.20 


0.093 ± 0.023 


2.6952[1 




2.0-3.0 


3.3 ±0.1 


2.56 ±0.22 


0.055 ±0.016 


2.5756(H;+)/2.5779(H; o )[lj 




1.8-2.8 


3.2 ±0.1 


2.40 ±0.26 


0.045 ±0.015 


2.454[1J 



Table 2: The masses M(GeV) and pole residues A(GeV 3 ) of the heavy baryon states. 
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- Upper bound; 
Lower bound. 
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T 2 [GeV 2 ] 



Figure 1: The masses M of the heavy baryon states, the A, B, C, D, E and F correspond 
to the channels fl c , S' c , S c , O^, E' b and £{, respectively. 
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Figure 2: The pole residues A of the heavy baryon states, the A, B, C, D, E and F 
correspond to the channels f2 c , H' c , S c , O;,, E' b and respectively. 
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Figure 3: The predicted masses with variation of the threshold parameters so, where the 
Borel parameters are taken to be the central values presented in Table 2, the A, B, C, D, 
E and F correspond to the channels Q c , "3' c , E c , fi;,, r! b and Xj, respectively. 



the bottom channels respectively. The threshold parameters should be taken around the 
critical points which are shown by the vertical lines in Fig. 3, the values we choose in Table 
2 are reasonable. 



4 Conclusion 



In this article, we re-study the heavy baryon states £Iq, 3'q and T,q with the QCD sum 
rules, after subtracting the contributions from the corresponding negative parity heavy 
baryon sates, the predicted masses are in good agreement with the experimental data. 



Appendix 

The spectral densities of the heavy baryon states Oq, Hq and Eq at the level of quark- 
gluon degrees of freedom, 
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Po f 1 ^3/2 ~2 U r 2 <3~2\ Pom s (ss) 

/ dtt(l - ty(p - m Q )(5p - 3m Q ) 

J ti 

m s {ss) 



f dtt(l - t) 
Ju 



1717 



3po + — S(p ~ m Q ) 



+ 



m s (sg s aGs) 

67T 2 

m s (sg s aGs) 
8vr 2 



Jo 



dtt 



1 + 



m Q 
AT 



5(p - m Q ) 



(ssf 



${Po - m Q ) H — 5{p - m Q ) 



Po ,a s GG f 1 

dt(l - t)m,Q5(po - ffiQ) 



1 ,a s GG, f l 
j /_L_ 

96vr 2V vr 

,2 



m 



144vr 2 



q a s GG f 1 
k Jo 



dt- 



t 2 



1 + ^ 
AT 



7T Z 



<5(Po - m Q ) , 



24^ ^° ~ mQ > -^—°( po ~ m Q) 





2 ' 


[ dt 

hi 


-3~2t+-r 

t z 



m Q a s GG f 1 (1 - 1) 2 „ „ 

dt—^m Q 6( P0 -m Q ), 



+ 



m s (ss) 
4vr 2 , t 

m s (sg s aGs 

24vr 2 
m s (qg s aGq) 



dtt(l - t) 



dtt 



rn 



3po + -y^Oo - mQ) 



mq 
4T 



S(po ~ m Q ) 



{qq){ss) 



7^~2 S(po - m Q ) + - 5{p - m Q ) 



p a s GG 



96vr 2 



— ) C dt(A-ht) 
K Ju 



J ti 

2 ,A /-, ,\a r ~ I 

$(P0 - fh Q ) , 



Jo 



288vr 2 



t 2 



4T 



P s > Q (Po) 



3m Q 



64vr 4 j: 

UK I 



f dt{l-t)\pl-m 2 Q f 
Ju 



m s m Q (qq) 



2vr 2 



m s [6(qg s aGq) - (sg s aGs)] _ N t (qq)(ss) 



f 

Ju 



m s mQ(ss) 



96vr 2 



niQ a s GG 
192vr 2 { vr ' 

m Q a s GG 



dt 



-5{p - m Q ) + 



-3 - 2t + 



8vr 2 
-<5(p - ^q) 



3847T 2 V 7T 



(l-t) : 



m Q 5(p -m Q ), 



(17) 



/fs Q (Po) 



^ / dtt(l - t) 3 (^ _ m^)(5pg - 3m^) + ^-*(Po - m Q ) 



96vr 2 



P0 <^> / 1 dt(4-5t) 



1 .Oi s GG . , \ ~ 2 c/ ' \ 

2^2 (— — ) y <tt(l - t)mgd(po - mg) 



192vr 2 



Q ,a s GG^ 



(l-t) s 



1 + 



4T 



$(Po ~ m Q ) , 



(18) 



PZ Q (P0) = ^ 4 f dtil-tnpl-fhlf + ^fsipo-rnc,) 



u 

m Q a s GG ^ 
192vr 2 { vr 7 



dt 



-3 - 2* + -= 

t z 



m Q a s GG /■*(!-<) 



3847T 2 N 7T 7 J 



dt- 



-m Q S(p - m Q ) , 



(19) 



where m£, = -f 4 -, U = —f-. 
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